If human atrial flutter is due to re-entrant excitation, depolarization as well as repolarization must continue throughout the entire atrial cycle. It 
re-entry as the basic mechanism of human atrial flutter.
Attempts to clarify the mechanism of atrial flutter have engaged the energies of numerous physiologists and clinical investigators over more than half a century. Polemics have raged as to whether the arrhythmia is sustained by a e single discharging focus or by a circulating wave front of depolarization. In the experimental animal there is persuasive evidence that a flutter-like arrhythmia can result from either of these mechanisms. When protoplasmic irritants such as aconitine (Hayden, Hur- maintain a circulating wave front around an obstacle in the right atrium produced by a crush between the vena cavae. The relevance of these animal models to the disorder encountered in man remains uncertain. The hypothesis in current favour is that clinical flutter is due to a re-entrant mechanism. As classically formulated by Lewis (I925) , an advancing front of depolarization is separated from its tail of refractoriness by fully recovered tissue, the so-called excitable gap. Some portions of the atria are, therefore, undergoing depolarization at all times, while other portions are either in a state of refractoriness or completely repolarized. It would be inferred that if flutter is the result of reentry, vulnerability to fibrillation should also be present throughout the cardiac cycle. By contrast, in the presence of sinus or single focus ectopic tachycardia, the vulnerable period is located in a discrete part of the cardiac cycle and is of brief duration (Lown, Kleiger, and Williams, I965) .
The opportunity to test the extent of the vulnerable period in patients with atrial flutter presents itself during cardioversion of this disorder to sinus rhythm. Low energy electrical discharges may convert flutter to atrial fibrillation (Lown, I967) . The vulnerable period is generaly activated by a narrow range of low discharge energies. If the trans-I2I6 Guiney and Lown 
Methods
This study involved cardioversion of i44 consecutive patients with atrial flutter admitted to the Peter Bent Brigham Hospital between August I962 and July I970. There were 96 men and 48 women. The patients ranged in age from I9 to 89 years. Table I lists the cardiovascular diseases encountered. The technique for cardioversion has been described previously (Lown, Amarasingham, and Neuman, i962a; Lown, Kleiger, and Wolff, I964) . A DC cardioverter was employed, and the electrode paddles were positioned anteroposteriorly. All patients were pretreated with IOO mg pentobarbitone sodium given orally one to two hours The standard limb lead with the most distinct flutter waves was selected for monitoring throughout the procedure. In the majority of cases, lead II was employed. A special damping circuit protected the electrocardiographic recorder and resulted in an isoelectric artefact lasting an average of i-8 seconds. After each shock, the cardiac mechanism was identified in lead II; the rhythm was then confirmed in lead Vi. This was generally accomplished within 5 to IO seconds after the emergence of the first post-shock complex. One of four types of response was identified: (i) persisting atrial flutter, (2) atrial fibrillation, (3) normal sinus rhythm, (4) junctional or other mechanisms. Of the 299 cardioversion shocks employed, I9 shocks in ii patients were excluded from analysis because of the presence of electrical artefacts or uncertainty as to the underlying rhythm. Thus, the analysis to be described was carried out on the response to 280 shocks in 133 patients.
At the beginning of this study all cardioversions were carried out with an initial setting of IOO Wsec. As it became evident that atrial flutter could be reverted with lesser energies, the initial discharge energy was progressively reduced. Distribution of energies of the first shock administered to the I33 patients in this study is shown in The location of the cardioversion discharge in the flutter cycle varied in different patients. Two factors determined where the shock fell in relation to the flutter wave, namely the degree of AV block and the voltage rise time of ventricular depolarization which triggered release of the electric discharge. Analysis of the location of the electrical discharge in relation to the flutter wave was carried out on records of I59 shocks delivered to 79 patients. These were selected because the flutter wave, designated as P', could be precisely defined. The interval between the nadirs of successive flutter waves in lead II (P'P') was measured in Atrial flutter 1217 milliseconds. The point of interception of this interval by the shock, designated as S, provided the P'S interval. The ratio of these two intervals, P'S/P'P', defined the position of the electrical discharge in the flutter cycle. P'S/P'P' ratios were divided into quartiles. Thus, if the shock fell i6o milliseconds after the nadir of the P' wave and the P'P' interval was 200 msec, the resulting ratio was I60/200, or o8o. This was grouped with all ratios occurring in the quartile of 0-75 to o099 (Fig. i) .
To 
Results
The 133 patients with atrial flutter received 280 transthoracic shocks. Of this number, 82 resulted in atrial fibrillation and 96 were restored to sinus rhythm; the flutter mechanism persisted after 87 shocks and in I5 there ensued a junctional or an unidentifiable rhythm. An example of induction of atrial fibrillation is illustrated in Fig. 2 . The median shock energy which resulted in atrial fibrillation was io Wsec (Table 3) . A high incidence of atrial fibrillation was also observed after discharges of 5 Wsec. When results of shocks at these two energies are combined, out of Ioi discharges 49, or 48 5 per cent, resulted in atrial fibrillation. Provocation of atrial fibrillation diminished as the energy content of the shock was increased.
After many of the shocks sinus rhythm, junctional rhythm, or some other mechanism developed precluding the emergence of atrial fibrillation. The data were therefore analysed to exclude those who had these rhythm alterations. Only those shocks that were fol- lowed by either atrial fibrillation or persisting atrial flutter were included. The energy most effective for inducing atrial fibrillation was IO Wsec, with 66-7 per cent of subjects who received this energy developing atrial fibrillation. There was a stepwise reduction in occurrence of atrial fibrillation at lower and higher shock energies (Fig. 3) . There was an increase in incidence of atrial fibrillation at energies of IOO (Fig. 4) . The fact that atrial fibrillation was produced at a specific low energy suggested that this phenomenon was related to the atrial vulnerable period.
The next question examined was whether the vulnerable period was discrete or continuous. The point at which the electrical discharge intercepted the flutter cycle (P'-S/P'-P' ratio) was examined after I09 shocks which either resulted in atrial fibrillation or continued as atrial flutter (Table 4 (Fig. 6) .
Since it has been shown that cardioversion enhances the arrhythmogenic action of digitalis (Lown et (Groedel and Miller, I9so; Prinzmetal et al., 1953) .
Recently Kishon and Smith (I969) have addressed themselves to this question. In I0 patients with flutter, they timed arrival of the intrinsic deflection by recording simultaneously from oesophageal and right atrial electrodes at different levels. In 4 patients, atrial activation progressed cephalad in the left atrium and caudad in the right atrium. Though exploration of the excitatory pathway was incomplete, almost two-thirds of the atrial cycle could be defined. They judged these findings to be consistent with a circus movement. In the 6 other patients no such sequence was recorded, the excitation wave occupied only one-third of the atrial cycle and spread cephalad simultaneously in both atria. They concluded that two mechanisms operated in human flutter. Kishon and Smith (I969) acknowledged that if the circus pathway was located low in the atrium, it would not have been detected by the techniques employed in their investigation.
The present study of the flutter mechanism is also indirect but is based upon an entirely different approach. The ability to convert flutter to fibrillation at a discrete low energy suggests excitation of an atrial vulnerable period. The observation that vulnerability is present throughout the entire atrial cycle suggests that this is also true for the atrial depolarization-repolarization sequence. Andrus, Carter, and Wheeler (1930) pulses when discharged during this time interval of the cardiac cycle produce atrial fibrillation. Electrophysiologists (Brooks et al., I95I) have confirmed the existence of such a discrete zone in the atrium, which coincides with the dip in the atrial excitability curve. Lown (unpublished data) looked for the atrial vulnerable period in the intact dog with transthoracic shocks and found it to have a duration of I0 to 20 msec, with i Wsec being the optimal energy. The vulnerable period was located consistently during inscription of the terminal portion of the QRS complex.
There has been no systematic exploration for an atrial vulnerable period in man. Atrial fibrillation at times has been noted to occur during right atrial pacing (Ross, Linhart, and Braunwald, I965) . In a retrospective analysis, Haft and coworkers (I968) found 26 episodes of atrial fibrillation or flutter-fibrillation in 3 normal subjects during single or paired pacing of the right atrium. The interstimulus interval or the P-stimulus interval for initiating arrhythmia was the same and ranged from i8o to 280 msec. In over 2oo other patients, atrial fibrillation was never seen during right ing fibrillation. In the present study, the peak incidence of atrial fibrillation occurred at IO Wsec, with less effectiveness resulting from either lower or higher energies.
A phenomenon encountered in 5 of the patients lends additional support to the circus movement hypothesis. After a low energy shock the flutter mechanism persisted, but closer inspection of the electrocardiographic record revealed a change in morphology of the atrial complex. In fact the flutter waves were a mirror image of their former contour (Fig. 7) (Scherf and Schott, 1953 (Lown and Taylor, 1970;  Pennington, Taylor, and Lown, I970) all point to the prevalence of re-entry as the fundamental mechanism in many diverse human rhythm disorders.
